[1] In this paper, we study the influence of electromagnetic induction in Europa's interior on the plasma interaction in the vicinity of Europa. We describe the temporally periodic interaction between Europa and the Jovian magnetosphere with a three-dimensional time-dependent model. Our model describes simultaneously the three-dimensional plasma interaction of Europa's atmosphere with Jupiter's magnetosphere and the electromagnetic induction in a subsurface conducting layer due to time-varying magnetic fields and plasmas including their mutual feedbacks. We find that the induced magnetic fields cause time varying asymmetries in the current density and the plasma density outside Europa. We show that the Alfvén current system is deformed and displaced because of the induced magnetic fields. Furthermore, the plasma wake of Europa is deformed because of the induction. Remarkably, therefore the influence of the induced fields on the Alfvén wings and the plasma wake may be seen at distances where the induced fields are already negligible. The effects of induction on the wake structure are most clearly visible in the E4 flyby magnetic field and plasma observations, which are in good agreement with our simulation. The resulting structure of Europa's plasma wake could explain why Galileo measurements did not detect high plasma densities along the E4 trajectory.
Introduction
[2] The magnetospheric plasma at the orbit of Europa couples to the rotation period of Jupiter, which is shorter than the orbital period of Europa. Therefore, the plasma overtakes Europa and interacts with the moon. The interaction of energetic charged particles with Europa's surface produces a tenuous atmosphere [e.g., Johnson et al., 2004] which was first detected by Hall et al. [1995] with the Hubble Space Telescope (HST) Goddard High-Resolution Spectrograph. The observations imply molecular oxygen column densities in the range of $(2 -14) Â 10 18 m À2 [Hall et al., 1998 ]. The near-surface region of the atmosphere is determined by both water and oxygen photochemistry [Shematovich et al., 2005] . Radio occultation measurements by Galileo show the existence of a strongly asymmetric ionosphere on Europa with maximum electron densities of about 10,000 cm À3 on the flanks and minimum densities downstream [Kliore et al., 1997] . The main source of the ionosphere is electron impact ionization [Saur et al., 1998 ].
[3] The ionosphere of Europa is not in chemical equilibrium. For an ionospheric plasma parcel the time scale for dissociative recombination is large compared to the convection time scale [McGrath et al., 2004] . Therefore, ionospheric plasma should be convected downstream and plasma densities in the order of several 10 3 cm À3 should be detected close to the moon. However, during the first flyby of the Galileo spacecraft on Europa, E4, which was also the closest flyby through the wake, no signature of high ionospheric densities was found in the data. The measured ion and electron density enhancements are at most $100 cm À3 [Paterson et al., 1999; Gurnett et al., 1998 ].
[4] Geological and geophysical observations from the Galileo spacecraft indicate that Europa harbors a salty ocean of liquid water beneath its icy surface. Magnetic field perturbations observed by the Galileo spacecraft at Europa [Kivelson et al., , 1999 Khurana et al., 1998 ] are consistent with induced magnetic fields from the interior of the moon [Neubauer, 1998; Khurana et al., 1998 ]. These magnetic fields are very likely caused by electromagnetic induction in a subsurface water ocean with high electrolytical conductivity Schilling et al., 2007] . While induction signatures are clearly visible in the data when Europa is well outside Jupiter's current sheet, the strong plasma interaction dominates and hides the induction effect when Europa is close to the center of the current sheet [Kivelson et al., 1999] . Also, near the center of the plasma sheet the inducing magnetic background field is weakest, and therefore the inductive field will be at its minimum. No detectable permanent internal magnetic field was found in the data [Schilling et al., 2004] .
[5] This paper is based on the work of Schilling et al. [2007] , which focuses on the internally induced magnetic field and the electrical conductivity of Europa's subsurface ocean. The main objective of the present paper is to study, for the first time, self-consistently the effect of the internally induced magnetic field on the interaction of Europa's oxygen atmosphere with the magnetospheric plasma in which the moon is embedded. Theoretical aspects of this interaction were discussed by Neubauer [1998 Neubauer [ , 1999 . Kabin et al. [1999] studied details of Europa's plasma interaction with a three-dimensional (3-D) magnetohydrodynamic (MHD) model where they included an intrinsic dipole moment as a free parameter but did not include the induced magnetic field self-consistently.
[6] In our model, we combine the electromagnetic induction process inside Europa and the interaction with the ambient magnetospheric plasma and consider their interdependency. We show that the internally induced magnetic fields influence and modify the interaction of Europa's atmosphere with the ambient magnetospheric plasma, e.g., by causing time-varying asymmetries in the plasma density and the current density outside Europa and in the magnitude of the currents. We also compare our model results with Galileo's magnetometer and plasma measurements.
[7] If not indicated otherwise, we use in this work a coordinate system centered at Europa with the Àz axis along the background magnetic field, the x axis perpendicular to the background magnetic field (and such that the incident plasma velocity vector of the bulk plasma is contained in the xz plane), and the y axis completes the triad (ŷ =ẑ Âx). This coordinate system is most suitable to show the symmetries related to the magnetic field, e.g., the Alfvén wing system.
Model

Plasma Interaction Model
[8] We describe the time-dependent plasma interaction of Europa with a 3-D single-fluid MHD model and solve the MHD flow problem and the internal induction problem simultaneously. The model and the self-consistent implementation of the induction is described in much greater detail by Schilling et al. [2007] except for the aspects on energy balance. Therefore, we will describe the basics of the model briefly, referring the reader to Schilling et al.'s [2007] work. Because of the importance of the induced magnetic field on the plasma interaction, we start with a description of the magnetic field at Europa.
[9] The total magnetic field B tot at Europa can be written
where B 0 is the time-varying background magnetic field of Jupiter and the magnetospheric current sheet, B P is the magnetic field caused by the interaction of the magnetospheric plasma with Europa's atmosphere, and B ind (B 0 ) and B ind (j P ) are the induced magnetic fields from the interior due to the time-varying background field and the timevarying plasma currents, respectively. We solve with our model the induction equation for the plasma magnetic field and the thereby induced magnetic field.
with the plasma number density n, the ion-neutral collision frequency n in and the electron-neutral collision frequency n en . Thereby we account for resistivity due to loss processes, ion-neutral, and electron-neutral collisions in the generalized Ohm's law. The collision frequency of the ions with the neutrals is
where a 0 = 1.59 is the polarizability of O 2 in units of 10 À24 cm À3 [Banks and Kockarts, 1973] , n n is the neutral gas density in cm À3 , and m a is the reduced mass in amu. For the electron-neutral collision frequency we use n en = 10 À9 n n s À1 which we calculated from the momentumtransfer cross sections given by Itikawa et al. [1989] .
[10] We describe the evolution of the bulk density r by
where P is the production rate, L is the loss rate, m i is the ion mass, and u is the bulk velocity. We include electron impact ionization as a source process for the ionospheric plasma. Thereby an ionospheric singly charged ion population with m O 2 = 32 amu is produced in our model. The ionization cross sections s j are taken from the National Institute of Standards and Technology database [Kim et al., 1997] . For the loss process in (4) we include dissociative recombination with a recombination rate [Torr, 1985] 
[11] We also account for induction effects in the momentum equation, which then reads
[12] The interaction of the plasma with the neutral gas (inelastic as well as elastic collisions) changes the internal energy e of the plasma. Here we use the following energy equation
Thereby we consider the work due to expansion or compression, the energy dissipation due to collisions, the difference between plasma and neutral temperatures as well as the frictional heating from relative motion between the plasma and the neutrals, and Joule heating. The current density j is determined via Ampère's law. The selfconsistent implementation of the induction as well as the procedure used to determine the plasma induced magnetic fields is described in detail by Schilling et al. [2007] .
Atmosphere
[13] We use a hydrostatic molecular oxygen atmosphere with a scale height of 145 km and a surface density n s = 1.7 Â 10 7 cm À3 as estimated by Saur et al. [1998] on the basis of HST observations by Hall et al. [1995] . This corresponds to an O 2 column density of N col = 5 Â 10 18 m
À2
. We follow Saur et al. [1998] in assuming that the surface density n 0 (f) varies in direct proportion to the normalized flux variation calculated by Pospieszalska and Johnson [1989] . The surface density then has the following spatial dependence:
where H(
is the Heaviside step function and the angle f varies from 0°(upstream) to 180°(downstream). Therefore, the ratio of the surface density on the trailing hemisphere to that of the leading hemisphere is $2.3. Hence in our model we have a slightly asymmetric atmosphere with the highest neutral gas densities on the upstream side.
Numerics and Initial Values
[14] We use a Cartesian grid divided into four regions with different spatial resolutions: a very high-resolution region from À1.5 to 1.5 R E in all three directions in space with a grid size of 80 km, a high-resolution region up to a distance of 3 R E in all three directions in space with a grid size of 160 km, followed by a medium-resolution region with a grid size of 800 km, and finally a low-resolution region with a grid size of 1569 km. The total grid volume is [[À10,10] , [À10,10] , [À60,60] ] R E .
[15] The description of a solid body is not included in the single-fluid equations a priori. Therefore, we use the concept of a virtual plasma [Schilling et al., 2007] to describe the interior of Europa.
[16] For the upstream magnetospheric plasma we use an ion mass m i = 18.5 amu, a plasma speed u = 104 km s À1 , and an effective ion charge of z = 1.5 . The magnetospheric electrons at Europa consist of a thermal Maxwellian and a suprathermal non-Maxwellian population.
For the suprathermal population we use a density of n sth = 2 cm À3 at T e,sth = 250 eV [Sittler and Strobel, 1987] . For the thermal population we use T e,th = 20 eV [Sittler and Strobel, 1987] . The upstream parameters of the magnetic field as well as the thermal plasma density vary with the position of Europa in the plasma sheet. For the E4 flyby simulations, we use the measured magnetic field of Galileo which is in our coordinate system (0,0,À449) nT and a plasma density of 15 cm À3 .
Results and Discussion
[17] We start with the results of the global plasma interaction of Europa with the Jovian magnetosphere. The focus here is on the E4 model conditions, i.e., when Europa is located outside the plasma sheet. The effects of induction on the wake structure are most clearly visible during this flyby. In addition, published plasma data are available only for the E4 and E6 flyby. However, no magnetic field data are available for the E6 flyby. In order to discuss the influence of the induction on the plasma interaction we compare model results where we neglect the induction effect to results where we include induction. According to the results of Schilling et al. [2007] , we consider induction taking place in an ocean with 100 km thickness and 25 km below Europa's surface. The conductivity of the ocean is assumed to be 5 S/m. For this set of parameters the induced magnetic field is almost saturated.
Global Plasma Flow and Magnetic Field Geometry
[18] Figures 1 and 2 show the plasma velocity for E4 flyby conditions in the xz plane and the xy plane, respectively, when induction is included. The Alfvén characteristics are plotted for comparison. Please note that in this kind of illustration the difference between including and neglecting induction is negligible. The model results clearly identify the Alfvén wings as regions with very small velocities compared to the incident flow velocity. Note that for E4 flyby conditions the magnetic field and the direction of the plasma flow are not perpendicular. Therefore, a small negative z component of the bulk velocity remains. Because of this small component the symmetry in Figure 1 is broken.
[19] Figure 3 shows the overall magnetic field including the induced field (see Figure 7) . The magnetic field inside the Alfvén wings is nearly parallel to the Alfvén characteristics, and the magnetic field magnitude is constant inside the wings. Upstream of Europa the plasma is slowed down by compressional perturbations propagating with the fast mode. This wave mode is generated by the collision of the plasma with the neutrals and by the pickup processes. Associated with the slow down of the plasma is a compression and a bending of the magnetic field (see Figure 3) . Downstream of Europa the plasma flow from the two flanks is combined and is reaccelerated, and the magnetic field strength decreases. Figure 2 suggests that the radial extent of Europa's wake in the equatorial plane is smaller than the moon's diameter. This is in agreement with the result of Saur et al. [1998] but in contrast to the analysis of Paranicas et al. [2000] .
[20] The flow is diverted around the moon. However, parts of the plasma flow reach the satellite surface and are absorbed. The diversion of the flow also occurs around the Alfvén wings. On the flanks of Europa (and also of the Alfvén wing) there are regions of increased velocity with flow speeds up to 180 km/s, which is slightly below the maximum for Alfvénic interaction [Saur, 2004] .
Wake Structure
[21] When magnetospheric plasma is convected into Europa's atmosphere, magnetospheric electrons ionize atmospheric O 2 -molecules and create secondary electrons and ions. Hence, the plasma density is increased while the plasma bulk velocity is reduced, i.e., the plasma is decelerated, conserving momentum.
[22] Figure 4a shows the ion number density in the equatorial plane for the E4 flyby conditions when induced magnetic fields are not included. The maximum of the SCHILLING ET AL.: EUROPA'S TIME VARYING PLASMA INTERACTION density is found on the flanks and upstream of Europa close to the surface with values of several thousand cm À3 . Further downstream the plasma density decreases, and the ionosphere becomes detached from the surface. The ionospheric plasma is swept into the wake region. Here the mass-loaded flux tubes which pass Europa converge and the pick-up plasma is concentrated along the x axis. Including induction into our model leads to a qualitatively similar picture of the density structure in the xy plane (Figure 4b ). However, neglecting induction yields a broader plasma wake of Europa.
[23] Figure 5a shows that the enhanced plasma density in the wake expands along the z axis. At x = 2.75 R E most of the plasma is concentrated around the equatorial plane. This is a consequence of the plasma mass flux, which is maximum at the flanks of Europa (see Figure 6a ), while it is very small over the poles. The length scale over which the plasma is distributed along z increases with distance. The acceleration of the plasma along the z direction away from z = 0 is due to the enhanced thermal pressure and the magnetic tension which acts to reduce the curvature of the magnetic field. Therefore, the plasma density in the wake decreases with distance.
Influence of the Induction on the Wake Structure
[24] Figure 7 shows the overall induced magnetic field for the E4 flyby conditions. Note that in our coordinate system the induced dipole moment is not generally in the equatorial plane. The induced dipole moment has a substantial z component for the E4 flyby conditions. As Europa is located north of the magnetic equator, the induced dipole moment points mainly toward the Jupiter facing direction at the position of Europa.
[25] Including induction yields a different picture of the plasma density distribution in Europa's wake. Figure 5b shows that the density enhancement is again concentrated along the z axis, but the wake becomes asymmetric. While for the case without induction maximum number, densities were found in the central wake region at z = 0 (at x = 2.75 R E ), induction effects yield a maximum density at z % ±1 R E . The wake is bent toward Àŷ for z > 0; the opposite is true for z < 0.
[26] The asymmetric wake is a result of the asymmetric plasma mass flux in the ionosphere of Europa. Figure 6b shows the plasma flux in the yz plane when induction is included. Compared to the case without induction (see Figure 6a ) a displacement of the plasma flux is visible. It is shown that plasma is transported along the z direction on the northern anti-Jovian flank, while it is transported in the opposite direction on the southern Jupiter-facing flank. This feature is caused by the induced magnetic field shown in Figure 7 . Note that in the coordinate system used, the induced dipole is not in the equatorial plane.
[27] The E4 flyby occurred when Europa was well above the current sheet. In the case when Europa is located well below the current sheet, e.g., the E26 flyby, the induced magnetic field is opposite to the field during the E4 flyby. Then, the plasma flux density as well as the plasma flux in the yz plane is displaced in the opposite way and the density enhancement at x = 2.75 R E in Figure 5b is then concentrated toward Àŷ for z > 0 and in the opposite way for z < 0. We would like to point out that there are two reasons for a decreased plasma density in the equatorial wake region. First, there is the redistribution of plasma density along the z axis discussed in section 3.2, which is independent of induction. Second, there is the asymmetry in the wake caused by induced magnetic fields.
[28] Figure 8 displays the magnetic field along the trajectory in the EPHIO coordinate system. The EPHIO coordinate system is centered at Europa with its z axis along Jupiter's spin axis, the y axis along the radius vector toward Jupiter (positive inward), and the x axis azimuthal with respect to Jupiter, i.e., in the ideal corotation direction. The red curve shows the magnetic field measured by the Galileo spacecraft [Kivelson et al., 1999] . Our model results for a pure plasma interaction without induction in the interior of the moon are indicated by the dashed black curve. The blue curve shows the theoretical case of induction in a perfectly conducting ocean only and no plasma interaction. In addition, our full model field with induction is shown by the black solid curve (in print version thick and solid). Although a small contribution from the plasma interaction can be found in the B x and B y component of the measured data, modeling the data without induction cannot explain these components. As the E4 flyby was an equatorial pass, the main contribution in the B x and B y component results from the induced magnetic field in the interior. For the agreement between the data and our model, we see no need for a deviation of the upstreaming plasma flow from the nominal corotation direction as it was suggested by Kabin et al. [1999] . A more detailed discussion of the magnetic field data is given by Schilling et al. [2007] .
[29] Figure 9 shows the ion number density along the E4 flyby trajectory. The red curve shows the plasma density measured by the Galileo spacecraft [Paterson et al., 1999] . The blue curve shows the predicted ion number density when no induction is included, while the black curve shows the predicted ion number density when we include induction into our model. The density peak in the wake with a value of $70 cm À3 is in agreement with the results of the plasma observations by Paterson et al. [1999] . The E4 flyby was oblique through Europa's wake. Therefore, the small spatial extension of the density peak in the wake is in agreement with the wake structure shown in Figure 4b . With our model we are able to explain the previously puzzling lack of higher ionospheric density signatures in the wake during the E4 flyby discussed in the literature [McGrath et al., 2004] . A broad plasma wake, as in the numerical results of Kabin et al. [1999] and Liu et al. [2000] , cannot explain the Galileo plasma science (PLS) measurements [Paterson et al., 1999] .
[30] There is a smaller density maximum at $06:53 UT with values up to $40 cm À3 in the PLS data. Our simulations do not resolve this maximum. The density maximum appears around closest approach and at the edge of the predicted geometric wake of Europa. As closest approach was at $(0.9,1.09,0.33) R E (in the coordinate system we use), our simulations suggest that at this point the plasma is still diverted around the moon and the plasma flow has not closed yet (see Figure 4b) . Therefore, we suggest that the first density peak in the data is at the edge of the ionosphere. The absence of this density peak in our simulations may be either due to the fact that the ionosphere is more extended (or has a different structure) than assumed in our model or due to the simplifications in our model (e.g, neglecting the Hall term). Since this region was illuminated by the Sun during the E4 flyby, there can also be a small contribution of photoionization (not included in our model) to the density. However, the photoionization rate coefficient at Europa is at least $50 times lower than the electron impact rate coefficient [McGrath et al., 2004] . Thus, photoionization may not explain the whole discrepancy.
[31] The density peak at $07:02 UT is at $(2.33,0.04, À0.28) R E . At this point the plasma flow has closed and the wake structure has formed (see Figure 5b) . Thus, this peak represents the crossing of Europa's plasma density wake. The density peak is associated with a dip in the magnetic field data (see Figure 8) .
[32] Note that we see a double-peak structure in the wake, when not including induction. This is shown in Figure 4a . However, this double-peak structure is different from the structure in the plasma data. First, there is an offset in time between the simulations and the measured data. A fact which may have led Kabin et al. [1999] to speculate on a rotation of the plasma flow. However, from the comparison of the magnetic field data with our simulations, we see no need for a rotation of the flow. With our numerical model we are now able to fit the sharp B x signature. Second, the plasma density of the first peak in Figure 9 is much lower than that of the second peak, a behavior which is different from our simulations when neglecting induction. Hence, we conclude that there is only one density peak in the tail, which we see also in our simulations when including induction (see Figure 4b ). The density peak around closest approach is not a signature of crossing Europa's wake but of touching Europa's ionosphere because of the peculiar flyby geometry (see Figure 4b ).
Currents in the Alfvén Wing
[33] Away from Europa, currents that correspond to the Alfvén wings can be divided into currents that flow along the Alfvén characteristics and currents that flow in a plane perpendicular to the characteristics [Neubauer, 1998 ]. Both current system are divergence free separately.
[34] Figure 10 displays the currents flowing along the northern Alfvén wing through a plane perpendicular to the Alfvén characteristics at z 0 = 9.05 R E and for the E4 flyby conditions. No induction is included. Note that we use a different coordinate system here. The unit vectorẑ 0 is parallel to the Alfvén characteristic V A À ,ŷ 0 =ŷ, and the x 0 axis completes the triad (x 0 =ŷ 0 Âẑ 0 ). The currents are concentrated on the flanks of the Alfvén wing. The current flows toward Europa on the Jupiter facing flank (y 0 > 0), while the current flows away from Europa on the antiJovian side (y 0 < 0). We determine a total Alfvén wing current through the northern Alfvén wing of $7 Â 10 5 A for the E4 flyby conditions in our model. This value is in agreement with the results of Saur et al. [1998] .
[35] Figure 11 shows the perpendicular currents projected onto the same plane as in Figure 10 again without internal induction currents. Most of the current encircles the Alfvén wing. In addition, current loops on the Jovian and antiJovian sides are visible and there are also current loops on the upstream and downstream sides. Diamagnetic currents can be seen downstream of the Alfvén wing. This structure is similar to that shown by Saur et al. [2002] for Io, but here we calculated the currents self-consistently. Note that if we do not account for induction effects, the Alfvén wing current system for the E26 flyby conditions differs only marginally from the current system for the E4 flyby conditions (not shown).
[36] Including induction into our simulations yields a different picture. Figure 12 displays the Alfvénic current in the same plane as in Figure 10 with induction included. The maximum current density on the anti-Jovian side is enhanced for the E4 flyby conditions (left), while it is reduced on the Jupiter facing side. The opposit is true for E26 flyby conditions (right) Note that the total current remains constant, i.e., the absolute value of the total current on the anti-Jovian side equals the total current on the Jupiter-facing side. The current system, and therefore also the Alfvén wing, is displaced and deformed as it was theoretically proposed by Neubauer [1999] . For E4 conditions the displacement is away from Jupiter (toward Àŷ 0 ), while it is toward Jupiter (towardŷ 0 ) for the E26 flyby conditions. Note that the opposite is true for the southern Alfvén wing. This is in agreement with observations [Volwerk et al., 2007] . In addition, the cross section of the Alfvén wing has shrunk. We would also like to note that the maximum plasma speed on the flanks of the Alfvén wing changes according to the change in current density.
[37] Finally, we point out that in order to see these effects in our simulation results fully self-consistent, implementation of the induction into our equations was necessary. The induced magnetic fields outside Europa are potential fields and therefore curl free. Thus, a superposition of a pure plasma interaction model and a pure induction model would not yield the results derived here. The change of the plasma Figure 8 . Observed and modeled magnetic field for the E4 flyby in the EPHIO coordinate system. The red curve shows the measured field [Kivelson et al., 1997] . The dashed black curve shows the predicted field when no induction is included in our model. The predicted field by including induction is shown by the solid black curve for an ocean conductivity s oc = 5 S/m. The theoretical case of induction in a perfectly conducting ocean and no plasma interaction is shown by the blue curve. The assumed thickness of the crust is 25 km, and the assumed thickness of the ocean is 100 km.
flow and associated currents due to the internally induced fields is important to explain the measurements of the Galileo spacecraft.
Conclusions
[38] With our self-consistent 3-D model of the timedependent plasma interaction of Europa with the Jovian magnetosphere we are able to study the influence of the internally induced magnetic fields on the plasma environment outside the moon. We show that induction has an observable influence on the plasma interaction. Although the induced magnetic dipole fields fall of with r À3 , its influence and effects are still visible at a larger distance. Figure 9 . Ion number density during the E4 flyby. The time of closest approach is indicated with a vertical line. The red curve shows the measured plasma density [Paterson et al., 1999] . The blue curve shows the predicted ion number density when no induction is included in our model. The predicted ion number density by including induction is shown by the black curve. . Perpendicular currents around the northern Alfvén wing at z 0 = 3.05 R E for the E4 flyby conditions and without induction. The length of the arrows is scaled in a way so that a factor of 10 difference in magnitude is displayed as a factor of 2.
[39] We find that the Alfvén current system is displaced and deformed by the internally induced magnetic fields. This is in agreement with theoretical considerations [Neubauer et al., 1999] and was also observed in the data [Volwerk et al., 2007] .
[40] We have shown that Europa's wake is deformed owing to induction effects. As a result of the asymmetric plasma mass flux, caused by the induced magnetic fields, the highest plasma densities in the wake are found away from the equator. The expansion of the plasma density along the z axis in connection with the asymmetries caused by induction explains the lack of high ionospheric plasma densities convected downstream during the E4 pass in the Galileo measurements. With our model we are able to explain the high ionospheric densities measured by Kliore et al. [1997] as well as the ion number densities measured by Paterson et al. [1999] in the wake along the E4 trajectory. For this pass we see also no need for a rotation of the upstreaming plasma flow. Future spacecraft missions to Europa would allow not only for a more detailed investigation of the 3-D conductivity distribution inside the moon but also for the plasma environment and the atmosphere of Europa. 
